Idiopathic pulmonary fibrosis (IPF) is a progressive fibrotic disorder characterized by structural alteration in the lung parenchyma, in part, to excessive fibroblast proliferation and deposition of extracellular matrix components such as collagen and fibronectin \[[@CIT0001]\]. In addition to increased levels of profibrotic cytokines and growth factors, activation of a coagulation cascade may play a role in the pathogenesis of IPF and acute respiratory distress syndrome (ARDS) \[[@CIT0002]\]. Consistent with this findings, intra-alveolar accumulation of fibrin has been described for patients with IPF \[[@CIT0003; @CIT0004; @CIT0005]\] and ARDS \[[@CIT0006]\], in which rapid fibroproliferation and matrix synthesis can lead to the extensive fibrotic lesions \[[@CIT0007]\]. Thrombin, a serine protease activated in the final stages of the coagulation cascade, is also readily detected within the lung and intra-alveolar spaces of several fibrotic lung diseases, including systemic sclerosis \[[@CIT0008]\], a bleomycin model of pulmonary fibrosis \[[@CIT0009]\] and IPF \[[@CIT0010]\]. In addition to a classical role in blood coagulation, thrombin exerts a number of proinflammatory and profibrotic effects in vitro that are critically important in tissue repair processes. Most of thrombin\'s cellular effects are mediated via specific and widely expressed G-protein-coupled protease-activated receptors (PARs) \[[@CIT0011; @CIT0012]\]. PAR-1, the prototype of this family, is activated when thrombin cleaves the aminoterminal extracellular domain (exodomain) at a specific site \[[@CIT0012; @CIT0013]\]. Activation of PAR-1 is central influence on a number of cellular responses that are vital to the inflammatory and tissue repair programs initiated following tissue injury. PAR-1 is present in the lung epithelium and is upregulated in response to lung injury \[[@CIT0014]\]. PAR-1 is also highly expressed by fibroblasts within fibrotic foci in the lungs of IPF patients \[[@CIT0015; @CIT0016]\]; modulation of procoagulant activity attenuates experimental lung fibrosis \[[@CIT0014], [@CIT0017], [@CIT0018]\].

The key cellular mediator of fibrosis is the myofibroblast, which when activated serves as the primary collagen-producing cell. Myofibroblasts are generated from a variety of sources including resident fibroblasts \[[@CIT0019; @CIT0020; @CIT0021]\] and alveolar epithelial cells in a process termed epithelial-mesenchymal transition (EMT) \[[@CIT0022; @CIT0023]\], as well as from circulating fibroblast-like cells called fibrocytes that are derived from bone-marrow stem cells \[[@CIT0024; @CIT0025; @CIT0026]\].

Thrombin exerts potent profibrotic effects in vitro by differentiating fibroblasts to myofibroblasts through PAR-1-dependent mechanisms \[[@CIT0027]\]. The possibility that alveolar epithelial cells undergo transition to a myofibroblast phenotype as a result of thrombin-induced EMT has not been evaluated. This study examines the effect of thrombin on the transition of A549 human epithelial cells to myofibroblasts through PAR-1-mediated EMT. We show for the first time that thrombin activates PAR-1 and the nuclear translocation of PKCα, δ, and ε followed by ERK1/2 MAPK phosphorylation and collagen I synthesis from A549 cells. We conclude that PAR-1/PKC/ERK1/2 signaling is central to the stimulating effect of thrombin on collagen production in the EMT of A549 cells.

MATERIALS AND METHODS {#S0001}
=====================

Reagents {#S0002}
--------

Thrombin from human plasma and argatroban, which is a potent, direct, selective, univalent inhibitor of thrombin, were from Sigma Aldrich Inc. (St. Louis, MO, USA). TFLLR (Thr-Phe-Leu-Leu-Arg-NH2), an agonist for PAR-1 activation, was synthesized by ABGENT Inc. (San Diego, CA, USA). Small interfering RNAs (siRNAs) directed against PAR-1 mRNA, and PKCε peptide inhibitors were from Santa Cruz Biotechnology (Santa Cruz Biotechnology, CA, USA). Inhibitors of PKC isoforms were GÖ6976 (PKCα/β inhibitor) and rottlerin (PKCδ inhibitor) from Calbiochem (Darmstadt, Germany). PD98059, a specific inhibitor of MAPK kinase (MEK), was from Sigma Aldrich Inc. A549 cell line was from American Type Culture Collection (Parklawn Drive, MD, USA).

Cell Cultures and PAR-1 siRNA Transfection {#S0003}
------------------------------------------

Human lung adenocarcinoma-derived A549 pulmonary epithelial cells were cultured in RPMI 1640 medium with 10% FBS, penicillin (100 U/mL), streptomycin (100 mg/mL), and HEPES (25 mM) at 37°C in a humidified 5% CO~2~ incubator. A549 cells were subcultured from the frozen stock and cells were used between passages 5 and 10 in this experiment. Cells in 100-mm dishes were detached using 0.25% trypsin-EDTA and then neutralized by trypsin neutralizing solution (0.5% newborn bovine serum albumin in PBS, Invitrogen, USA), and washed two times in PBS. This work was finished within 10 minutes. A549 cells (5 × 10^4^ cells/well) were seeded onto six well tissue culture plates in RPMI 1640 without antibiotics for siRNA transfection. After 24 hours, cells were transfected with 60 mM of PAR-1 siRNA using transfection reagent (Santa Cruz) for 6 hours at 37°C, washed using 2× normal growth media (RPMI 1640 with 20% FBS) containing antibiotics and incubated in 1× normal growth media (RPMI 1640 with 10% FBS). After 72 hours, all wells of culture plates were washed two times with PBS and incubated in serum-free medium overnight, and then stimulated with thrombin (2 U/mL) for another 2 hours for cell signal experiments, 4 hours for RNA experiments and 72 hours for protein experiments. To assess the effects of the inhibitors, argatroban (1 μM) was pretreated for 30 minutes and then stimulated with thrombin (2 U/mL) in a new serum-free medium. Also, PKC inhibitors (10 nM GÖ6976, 4 μM rottlerin, or 10 μM PKCε antagonist peptide) or MEK inhibitors (40 μM PD98059) were used for signal experiments. Cells, which were incubated in serum-free medium overnight, were pretreated with PKC inhibitors for 30 minutes and then stimulated with thrombin (2 U/mL) in the same manner as EMT experiments.

Real Time RT-PCR {#S0004}
----------------

At 4 hours after thrombin stimulation, cells were harvested and total RNA extraction was performed using TRIzol (guanidinium thiocyanate-phenol-chloroform mixture; Invitrogen, Carlsbad, CA, USA) reagent followed by chloform-isopropanol extraction and ethanol precipitation. Subsequently, 1 μg of extracted RNA was reverse transcribed into cDNA using AccuPower® RT PreMix (cDNA synthesis kit; Bioneer, Daejeon, Korea). Real-time quantitative PCR was performed on an iQ5 cycler (Bio-Rad, Hercules, CA, USA) with RBC ThermOne® (SYBR Green Real-Time Premix; RBC Bioscience, Chung Ho City, Taiwan) using the specific primer pairs (α-SMA; 5′-CTG GCA TCG TGC TGG ACT CT-3′/5′-GAT CTC GGC CAG CCA GAT C-3′, E-cadherin; 5′-CGG GAA TGC AGT TGA GGA TC-3′/5′-AGG ATG GTG TAA GCG ATG GC-3′, PAR-1; 5′-CCA TCG TTG TGT TCA TCC TG-3′/5′-GAC CCA AAC TGC CAA TCA CT-3′, collagen I; 5′- TTC TTG CAG TGG TAG GTG ATG TTC-3′/5′-GCT ACC CAA CTT GCC TTC ATG-3′). Cycling conditions were 45 cycles at 60°C. Amplified DNA levels were normalized to GAPDH (5′-TCG ACA GTC AGC CGC ATC TTC TTT-3′/5′-ACC AAA TCC GTT GAC TCC GAC CTT-3′).

Immunocytochemistry {#S0005}
-------------------

At 72 hours after stimulation with thrombin, A549 cells were fixed with 2% paraformaldehyde in PBS for 30 minutes on ice. After washing three times, cells were treated with 0.25% Tween 20 in PBS for 15 minutes. For α-SMA and E-cadherin double immunostaining, cells were incubated with rabbit anti-E-cadherin antibody (1:50; Santa Cruz) at 4°C overnight, and incubated with mouse anti-α-SMA antibody (1:50; Santa Cruz) at room temperature for 1 hour. Primary antibody binding was detected using the appropriate fluorescein isothiocyanate (FITC)-conjugated antirabbit IgG (1:1000; Santa Cruz, CA) and Texas Red-conjugated antimouse IgG (1:1000; Santa Cruz) as secondary antibody. Nuclei were visualized with 5 μg/mL DAPI (4′,6-diamidino-2-phenylindole; Santa Cruz). Cell morphologies were observed 72 hours after thrombin treatment using confocal microscope (Leica DM IL LED: Leica Microsystems, Wetzlar, Germany).

Western Blot {#S0006}
------------

Whole cell lysates were prepared by harvesting cells and resuspending in lysis buffer (20 mM Tris-HCL, pH 7.4, 137 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate, 0.1% sodium dodecyl sulfate \[SDS\], 1 mM EDTA, 10 μg/mL aprotinin, 1 mM PMSF, 0.1 mM sodium vanadate, and 10 mM sodium fluoride) on ice for 30 minutes. Samples were collected by centrifugation and protein concentrations were determined using the Bradford method. Lysates (50 μg protein/well) were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and gels were transferred to a nitrocellulose membranes at 70 V for 2 hours. Nonspecific sites on membranes were blocked with 5% skimmed milk in TBS (25 mM Tris and 137 mM NaCl, pH 7.5) buffer for 1hour, then blots were incubated with antibody against α-SMA (1:200; Santa Cruz), E-cadherin (1:400; Santa Cruz), PAR-1 (1:200; Santa Cruz), p-ERK1/2 (1:400; Santa Cruz), ERK2 (1:200; Santa Cruz), or PKCα, δ, or ε (1:400; BD Biosciences, CA, USA) at 4°C overnight. Membranes were washed three times with washing buffer (TBS in 0.1% NP-40) and incubated with horseradish peroxidase-conjugated secondary antibody (1:2,000; Santa Cruz) at room temperature for 1 hour. Target proteins were detected by enhanced chemiluminescence plus Kit (Amersham Pharmacia Biotech, Little Chalfont, Buckinghamshire, UK).

Subcellular Fractionation for PKC Study {#S0007}
---------------------------------------

After thrombin treatment for 2 hours, A549 cells were harvested by centrifugation (1000 rpm for 5 minutes), and disrupted using a 25 gauge syringe. Cytosolic and membrane fractions were isolated from the lysed cells using a Mitochondrial/Cytosol Fractionation Kit (BioVision, Mountain View, CA, USA). According to the manufacturer\'s protocol, cytosolic fractions were collected first, and then other fractions were collected for membranes and used for Western blots of PKC.

ELISA {#S0008}
-----

Collagen I and TGF-β~1~ levels in supernatants of A549 cell cultures were assayed using human collagen I ELISA kits (mdbioproducts, St. Paul, MN, USA) and human TGF-β~1~ immunoassay quantikine kits (R&D Systems, Minneapolis, MN, USA). For collagen I ELISAs, cells were treated with 0.05 M acetic acid and 1 mg/mL pepsin for 72 hours at 4°C, and pH was adjusted to 8.0 with 1 N NaOH. Samples were prepared after adding 1 mg/mL pancreatic elastase solution and incubating at 4°C overnight. Samples for assaying TGF-β were prepared after treatment with 1 N HCl and 1.2 N NaOH. Samples were thawed at 4°C and centrifuged at 8000 rpm for 15 minutes before ELISA was performed according to the kit manufacturer\'s instructions. Absorbance at 450-nm-wavelength was measured by microplate reader (Bio-Tek Instruments, Winooski, VT, USA).

Statistical Analysis {#S0009}
--------------------

All values were expressed as mean ± SE. Differences between groups were assessed by the nonparametric Kruskal--Wallis H test. Analysis was performed using the Statistical Package for the Social Sciences (SPSS) statistical software for Windows, version 10.0.7 (SPSS Inc., Chicago, IL, USA). A value of *P* ≤ .05 was considered significant.

![Cells were either treated with 2 U/mL thrombin for 4 hours with or without pretreatment with 60 mM PAR-1 siRNA or 1 μM argatroban for 30 minutes. A549 cells were transfected with PAR-1 siRNA using transfection reagent for 6 hours at 37°C, washed using 2x normal growth media containing antibiotics and incubated in 1x normal growth media. Cells were also treated with 300 μM TFLLR for 4 hours for real-time PCR (A). PAR-1 protein levels were determined by immunoblotting after same treatments for 72 hours (B). Thrombin and PAR-1 activating peptide, TFLLR increased PAR-1 mRNA expression in A549 cells by quantitative real-time PCR. PAR-1 siRNA transfection or pre-treatment of thrombin inhibitor, argatroban, suppressed thrombin-induced PAR-1 mRNA expression (A). Thrombin and TFLLR increased PAR-1 protein expression as assessed by Western blot. PAR-1 siRNA transfection or pretreatment with argatroban inhibited thrombin-induced PAR-1 protein expression (B). Data are presented as means ± SE; *n* = 5/group. \*, † *P* \< .05; \*\**P* \< .01. \*, \*\*; compared with control. ^†^; compared with thrombin.](ELU-39-336-g001){#F1}

RESULTS {#S0010}
=======

Effects of Thrombin on PAR-1 Expression {#S0011}
---------------------------------------

Thrombin (2 U/mL) and the PAR-1 agonist TFLLR (300 μM), increased PAR-1 mRNA and protein expression in A549 cells (Figures [1A](#F1){ref-type="fig"} and 1B). Thrombin-induced changes were significantly inhibited by transfection with PAR-1 siRNA (60 mM) for 72 hours or treatment with the thrombin inhibitor argatroban (1 μM) for 30 minutes.

Effects of Thrombin on EMT and Collagen I Production {#S0012}
----------------------------------------------------

Thrombin, TFLLR, and TGF-β increased α-SMA mRNA expression and decreased E-cadherin mRNA expression in A549 cells. These EMT responses from thrombin were inhibited by transfection with PAR-1 siRNA or treatment with argatroban (Figure [2](#F2){ref-type="fig"}). Quantitative RT-PCR experiments also showed that thrombin, TFLLR, and TGF-β increased collagen I mRNA expression while PAR-1 siRNA transfection or argatroban treatment inhibited collagen I mRNA expression after thrombin treatment (Figure [2](#F2){ref-type="fig"}). Western blots showed that thrombin (2 U/mL, 72 hours), TFLLR, or TGF-β increased α-SMA and collagen I and decreased E-cadherin, while PAR-1 siRNA transfection or argatroban treatment suppressed thrombin-induced EMT (measured as decreased α-SMA and increased E-cadherin) and collagen I production (Figure [3](#F3){ref-type="fig"}). Together, these observations suggested that thrombin-induced EMT and collagen I secretion was mediated through PAR-1 in A549 cells.

![Cells were either treated with 2 U/ml thrombin for 4 hours with or without pretreatment with 60 mM PAR-1 siRNA or 1 μM argatroban for 30 minutes. A549 cells were transfected with PAR-1 siRNA using transfection reagent for 6 hours at 37°C, washed using 2x normal growth media containing antibiotics and incubated in 1x normal growth media. Cells were also treated either with 300 μM TFLLR or 10 ng/mL TGF-β for 4 hours for real-time PCR. Thrombin and TFLLR increased α-SMA and collagen I mRNA expression and suppressing E-cadherin mRNA expression by quantitative real-time PCR. PAR-1 siRNA or pretreatment with argatroban inhibited thrombin-induced α-SMA and collagen I mRNA expression, and reversed thrombin-induced suppression of E-cadherin mRNA expression. Data are means ± SE; *n* = 5/group. \*, † *P* \< .05; \*\* *P* \< .01. \*, \*\*; compared with control. ^†,\ ††^; compared with thrombin.](ELU-39-336-g002){#F2}

![Cells were either treated with 2 U/mL thrombin for 72 hours with or without pretreatment with 60 mM PAR-1 siRNA or 1 μM argatroban for 30 minutes. A549 cells were transfected with PAR-1 siRNA using transfection reagent for 6 hours at 37°C, washed using 2x normal growth media containing antibiotics and incubated in 1x normal growth media. Cells were also treated either with 300 μM TFLLR or 10 ng/mL TGF-β for 72 hours for immunoblotting. Thrombin and TFLLR increased α-SMA and collagen I protein expression while PAR-1 siRNA transfection or pretreatment with argatroban reversed thrombin-induced α-SMA and collagen I expression as assessed by Western blot. PAR-1 siRNA or pretreatment with argatroban reversed thrombin-induced suppression of E-cadherin expression. Data are means ± SE; *n* = 5/group. \*, † *P* \< .05; \*\*, †† *P* \< .01. \*, \*\*; compared with control. ^†,\ ††^; compared with thrombin.](ELU-39-336-g003){#F3}

Activation of PKC by Thrombin is Mediated by PAR-1 {#S0013}
--------------------------------------------------

Previous studies demonstrated that thrombin differentiates normal lung fibroblasts to a myofibroblast phenotype via PAR-1 and a PKCε pathway \[[@CIT0028]\]. To determine whether PKC was essential for thrombin-induced EMT in A549 cells, we employed three different PKC inhibitors: GÖ6976 (10 nM), a PKCα/β inhibitor; rottlerin (4 μM), a PKCδ inhibitor; and a PKCε antagonist peptide (10 μM). The treatment of A549 cells with thrombin resulted in migration of PKCα, PKCδ, and PKCε from cytosol fractions to membrane fractions (Figure [4](#F4){ref-type="fig"}). This activation of PKCα, δ, and ε by thrombin was inhibited by PKC inhibitors or PAR-1 siRNA transfection (Figure [4](#F4){ref-type="fig"}). Thus, these results suggested that the treatment of A549 cells with thrombin activated PKCα, PKCδ, and PKCε, mainly through PAR-1-dependent mechanisms.

![After thrombin treatment (2 U/mL) for 2 hours, A549 cells were harvested by centrifugation (1000 rpm for 5 minutes). Cytosolic and membrane fractions were isolated from the lysed cells using a Mitochondrial/Cytosol Fractionation Kit. Cell lysates were prepared, and then immunoblotted with antibodies for PKCα, PKCδ, and PKCε. Experiments were performed three times, and representative immunoblots are presented. Thrombin increased the migration of PKCα, PKCδ, and PKCε from cytosol to membrane fractions. PAR-1 siRNA or pretreatment with argatroban inhibited thrombin-induced PKCα, PKCδ, and PKCε activation. Addition of GÖ6976 (10 nM) to thrombin inhibited migration of PKCα; addition of rottlerin (4 μM)-inhibited migration of PKCδ; PKCε antagonist peptide (10 μM) inhibited migration of PKCε.](ELU-39-336-g004){#F4}

Inhibition of PKC Results in Partial Blockage of Thrombin-Induced EMT and Collagen I Expression {#S0014}
-----------------------------------------------------------------------------------------------

Thrombin decreased E-cadherin and increased α-SMA protein expression (Figure [5](#F5){ref-type="fig"}). To determine whether these thrombin-induced EMT characteristics increased collagen I synthesis, we measured collagen I expression by Western blotting. As expected, thrombin-induced EMT was accompanied by collagen I synthesis. Further, these thrombin-induced EMT and collagen I synthesis characteristics were partially inhibited by PKCα/β, δ, and ε inhibitors (Figure [5](#F5){ref-type="fig"}). These results indicated that PKC inhibitors prevented thrombin-induced EMT and collagen I synthesis.

![Expression of E-cadherin, α-SMA, and collagen I in cultured A549 cells was assessed with Western blot. Cells were either treated with 2 U/mL thrombin for 72 hours with or without pretreatment with 60 mM PAR-1 siRNA or 1 μM argatroban or 10 nM GÖ6976 or 4 μM rottlerin or 10 μM PKCε antagonist peptide for 30 minutes. Cells were also treated with 10 ng/mL TGF-β for 72 hours for positive control. Cell lysates were prepared, and then immunoblotted with antibodies for E-cadherin, α-SMA, and collagen I. Thrombin significantly increased α-SMA and collagen I expression and decreased E-cadherin expression. PAR-1 siRNA transfection, pretreatment with argatroban, GÖ6976, rottlerin or PKCε antagonist peptide inhibited epithelial-to-mesenchymal transition by thrombin. Data are means ± SE; *n* = 5/group. \*, † *P* \< .05; \*\*, †† *P* \< .01. \*\*; compared with control. ^†,\ ††^; compared with thrombin.](ELU-39-336-g005){#F5}

Effects of Thrombin on Phenotypic Changes in A549 Cells {#S0015}
-------------------------------------------------------

Indirect immunofluorescence was performed to analyze the expression of E-cadherin and α-SMA in A549 cells exposed to thrombin, TFLLR, or TGF-β. A549 cells cultured in media showed no immunoreactivity for α-SMA and expressed high levels of E-cadherin, while retaining an epithelial phenotype (Figure [6A](#F6){ref-type="fig"}, control). A549 cells exposed to thrombin, TFLLR, or TGF-β showed intense staining for α-SMA and lost expression of E-cadherin (Figure [6A](#F6){ref-type="fig"}). Addition of thrombin especially at a 2.0 U/mL concentration for 72 hours changed the polygonal A549 cells to a more elongated mesenchymal phenotypes (Figure [6C](#F6){ref-type="fig"}).FIGURE 6 A549 alveolar epithelial-to-myofibroblast transition in vitro. Immunoreactivity for both α-SMA and E-cadherin was assessed by immunofluorescence after stimulation with thrombin, TFLLR, and TGF-β. (A) Dual immunocytochemical staining showed that thrombin, TFLLR, and TGF-β decreased cadherin (green) and increased α-SMA (red) expression in cultured A549 cells. (B) Dual immunocytochemical staining showed that PAR-1 siRNA or pretreatment with argatroban, GÖ6976, rottlerin, or PKCε antagonist peptide inhibited epithelial-to-mesenchymal transition induced by thrombin. All recovered cadherin (green) expression and inhibited α-SMA expression (red) induced by thrombin in cultured A549 cells. Nuclei were visualized by 4′,6-diamidino-2-phenylindole staining (blue). Original magnification, ×1000. All experiments were performed three times, and representative images are presented. Merge indicates sum of DAPI, E-cadherin, and α-SMA. (C) Typical microphotographs of A549 cells stimulated with the thrombin. Addition of thrombin especially at a 2.0 U/mL concentration for 72 hours changed the polygonal A549 cells to a more elongated mesenchymal phenotypes. Original magnification, ×400. (Continued)

Effects of PAR-1 siRNA Transfection, Thrombin and PKC Inhibitors on Thrombin-Induced Phenotypic Changes {#S0016}
-------------------------------------------------------------------------------------------------------

As shown in Figure [6B](#F6){ref-type="fig"}, PAR-1 siRNA transfection or use of the thrombin inhibitors, argatroban reversed thrombin-induced α-SMA and E-cadherin staining. In PKC-inhibition experiments, cells were pretreated with GÖ6976 (10 nM), a PKCα/β inhibitor; or rottlerin (4 μM), a PKCδ inhibitor, or a PKCε antagonist peptide (10 μM) for 30 minutes before exposure to thrombin. All PKC inhibitors reversed the thrombin-induced phenotypic changes, such as E-cadherin staining, and resulted in loss of α-SMA staining (Figure [6B](#F6){ref-type="fig"}).

Thrombin Induces ERK1/2 Phosphorylation and Collgen I Secretion {#S0017}
---------------------------------------------------------------

ERK1/2 activation by PKCε increases collagen expression in normal lung fibroblasts \[[@CIT0029]\]. To evaluate whether ERK1/2 activation is also involved in a complex thrombin-PKC-ERK loop in A549 cells, we measured ERK1/2 phosphorylation after treatment with PKC inhibitors during stimulation with thrombin. Western blots showed that thrombin activated ERK1/2 and these effects were significantly reduced by GÖ6976, rottlerin, PKCε antagonist peptide treatment, or PAR-1 siRNA transfection (Figure [7A](#F7){ref-type="fig"}). Thrombin also increased the secretion of collagen I and TGF-β, which were significantly reduced by GÖ6976, PKCε antagonist peptide, or PAR-1 siRNA transfection (Figure [7B](#F7){ref-type="fig"}). Rottlerin also decreased the thrombin-induced collagen I secretion but not the TGF-β secretion. These observations suggested that EMT signaling by thrombin is dependent on PAR-1, PKCα/β, δ, ε, and ERK1/2.

![(A) Phosphorylation of extracellular signal-regulated kinase ERK1/2 by thrombin in A549 cells. After thrombin treatment for 2 hours, whole cell extracts were prepared and 50 μg of protein subjected to SDS-PAGE and Western blot. Blots were probed with antibodies against phosphorylated ERK (p-ERK1/2) and total ERK2. PAR-1 siRNA or pretreatment with argatroban, PKCα/β inhibitor (GÖ6976), PKCδ inhibitor (rottlerin), or PKCε antagonist peptide inhibited ERK1/2 phosphorylation activated by thrombin. \*, † *P* \< .05, \*\*, †† *P* \< .01 (*n* = 6). \*, \*\*; compared with control. ^†^; compared with thrombin. (B) Thrombin induces type I collagen and TGF-β release. A549 cells were incubated with thrombin for 72 hours or with other pretreatments; PAR-1 siRNA, argatroban, and PKC inhibitors. Collagen I and TGF-β concentrations were measured by ELISA in supernatants of cell culture. Type I collagen and TGF-β were significantly increased by thrombin compared with the blank control. Effects were attenuated by PAR-1 siRNA, pretreatment with thrombin inhibitor argatroban, PKCα/β inhibitor GÖ6976, PKCδ inhibitor rottlerin, or PKCε antagonist peptide. \*, † *P* \< .05, \*\*, †† *P* \< .01. \*, \*\*; compared with control. ^†,\ ††^; compared with thrombin (*n* = 4).](ELU-39-336-g007){#F7}

DISCUSSION {#S0018}
==========

This study provides evidence that thrombin differentiates A549 alveolar epithelial cells to a myofibroblast phenotype via the PAR-1/PKC/ERK pathway. We found that PAR-1 expression was dramatically increased by thrombin in A549 cells. Increased levels of PAR-1 have been seen in bleomycin-induced pulmonary fibrosis \[[@CIT0014]\], scleroderma lung \[[@CIT0015]\], and IPF \[[@CIT0016]\]. In addition, PAR-1 deficiency protects against bleomycin-induced lung inflammation and fibrosis in mice \[[@CIT0016]\]. Although PAR-1 activation by thrombin promotes pulmonary fibrosis through fibroblast proliferation and differentiation, no reports have implicated thrombin in EMT until now. We provide direct evidence that thrombin activates PAR-1, PKC, and ERK1/2 in A549 alveolar epithelial cells and that these pathways are associated with the epithelial to myofibroblast transition and collagen secretion.

Despite their tumor origin, A549 cells are widely employed as a representative cell for type II alveolar epithelial cells, and display characteristic phenotypic features, including polygonal morphology, apical microvilli, intracellular lamellar bodies, expression of surfactant proteins, and production of phospholipids \[[@CIT0030]\]. EMT of renal tubular epithelial cells is crucial in the progress of renal interstitial fibrosis \[[@CIT0031]\]. The EMT phenomenon is found in the lungs and contributes to fibrosis in IPF patients \[[@CIT0032]\].

Thrombin differentiates normal lung fibroblasts to a myofibroblast phenotype via PAR-1 and PKCε pathways \[[@CIT0027; @CIT0028]\]. PKC is a key regulator of fibrosis in human pulmonary fibroblasts. At least three PKCs are expressed in interstitial fibroblasts including PKCα, δ, and ε \[[@CIT0033]\]. PKCα mediates CCL18-stimulated collagen production in pulmonary fibroblasts \[[@CIT0034]\]. Thrombin causes an increase in cytosolic \[Ca^++^\] and activation of selected PKC \[[@CIT0035]\]. In contrast, we observed elevated PKCα, δ, and ε by treatment with thrombin or a PAR-1 agonist, TFLLR, in A549 cells (Figure [4](#F4){ref-type="fig"}). Although the TFLLR is a PAR-1-specific activating peptide \[[@CIT0036]\], there is a possibility that TFLLR (3oo μM) activated PAR-2 because PAR-1 is selectively activated in only low concentrations (10--30 μM) of TFLLR \[[@CIT0037]\]. Activation of PAR-2 in alveolar type II-derived A549 cells can also triggers PKC-ERK pathway and causing cyclooxygenase-2 expression and prostaglandin E2 (PGE2) formation \[[@CIT0038; @CIT0039]\]. The possible dual stimulation of PAR-1 and PAR-2 by high concentration (300 μM) of TFLLR in this experiment might explain the differences in E-cadherin expression between thrombin and TFLLR treatments in A549 cells (Figure [3](#F3){ref-type="fig"}) because PGE2 is a potent inhibitor of EMT \[[@CIT0040]\].

Inhibitors of specific PKCα/β, δ, and ε, as well as PAR-1 siRNA transfection of A549 cells reversed thrombin-induced α-SMA expression (Figure [5](#F5){ref-type="fig"}). A key mesenchymal feature of fibrosis are increased numbers of transdifferentiated fibroblasts that become more contractile in their phenotype from enhanced α-SMA expression; these are known as myofibroblasts \[[@CIT0021]\]. Our findings suggest that thrombin-induced EMT was mediated through PAR-1 and PKCα/β, δ, and ε. This finding is somewhat different from that in fibroblasts, where PKCα and ε show opposite effects on collagen expression \[[@CIT0029]\]. PKCδ is also important in the upregulation of type I and III collagen gene expression mediated by TGF-β in scleroderma fibroblasts \[[@CIT0041]\] and may serve as a molecular target for therapeutic intervention to suppress fibrosis \[[@CIT0042]\]. Collagen gel contraction by thrombin is also mediated through PAR-1 and PKCε in human lung fibroblasts \[[@CIT0043]\].

To determine whether these PKCs are upstream of the ERK1/2 MAPK pathway, we examined the effects of PKC inhibitors on thrombin-induced ERK1/2 phosphorylation. Figure [7A](#F7){ref-type="fig"} shows that PKCα/β, δ, and ε inhibitors suppressed thrombin-induced ERK1/2 phosphorylation. Our data confirm that PKCα/β, δ, and ε are involved in PAR-1-mediated ERK 1/2 phosphorylation as previously reported \[[@CIT0044]\]. This finding is somewhat different from that of PKCα, but not PKCε, which mediates thrombin-induced ERK1/2 MAPK phosphorylation and subsequent proliferation in lung fibroblasts \[[@CIT0015]\]. Thrombin exerts potent profibrotic effects by influencing fibroblast PAR-1-mediated CCL2 gene transcription through PKC, c-Raf, and ERK1/2 pathways \[[@CIT0045]\]. Western blots of human lung biopsy samples also demonstrate increased ERK1/2 signaling in IPF patients compared with normal lungs \[[@CIT0046]\]. In addition, thrombin activates NADPH oxidase and the resultant oxidant radical is involved in ERK1/2 activation and human lung fibroblast proliferation \[[@CIT0047]\]. TGF-β, which is the predominant effector of EMT, also induces cellular oxidant radicals and leads to fibroblast activation and myofibroblast generation by activation of ERK1/2 and the transcription factor AP-1 \[[@CIT0048]\]. Oxidizing radicals are also produced during the stress response of the endoplasmic reticulum in the aging process, causing apoptosis of type II alveolar epithelial cells, and activation of profibrotic pathways \[[@CIT0049]\]. Our data suggested that ERK1/2 activation by thrombin in A549 cells during EMT is similar to the effect of TGF-β in fibroblast activation.

We showed that A549 cells increased the production of collagen I and TGF-β in response to thrombin. Furthermore, PAR-1 siRNA transfection, thrombin inhibition, and specific PKCα, δ, ε inhibitors prevented thrombin-induced collagen I and TGF-β secretion in A549 cells (Figure [7B](#F7){ref-type="fig"}). Because collagen I promotes EMT via TGF-β signaling \[[@CIT0050]\], secreted collagen I and TGF-β may promote lung fibrosis by enhancing EMT. EMT can be initiated by external signals, such as TGF-β, hepatocyte growth factor, epidermal growth factor, and fibroblast growth factor \[[@CIT0051; @CIT0052]\]. In contrast, our results showed that thrombin contributes to fibrosis directly by enhancing EMT in A549 cells to myofibroblasts through PAR-1 activation. In addition to PAR-1, thrombin activates PAR-3 and PAR-4, whereas trypsin, factor VIIa, Xa, mast cell tryptase, and neutrophil elastase all activate PAR-2 \[[@CIT0053]\]. Although we confirmed that thrombin induced EMT through PAR-1 activation, thrombin can also induce EMT through PAR-4 stimulation in alveolar epithelial cells \[[@CIT0054]\].

In conclusion, our study provides fundamental information for the first time on thrombin-induced EMT through the PAR-1/PKC/ERK MAPK pathways. This suggests that modulation of coagulation cascade, such as with inhibitors of thrombin, PAR-1, or PKC may play a role in the treatment of IPF, partially through the inhibition of EMT.

***Declaration of interest***: The authors report no conflicts of interest. The authors alone are responsible for the content and writing of the paper.

[^1]: This work was supported by the Catholic University Medical College, Seoul, Korea.
